Both micromolar Ca2+ and guanosine 5'-[y-thio] 
INTRODUCTION
The interactions of many hormones, neurotransmitters, and growth factors with their appropriate receptors lead to the production of inositol phosphates (InsPs) and diacylglycerol. These substances serve as second messengers which link receptors to cellular responses. InsP3 and InsPJ increase intracellular Ca2 , and diacylglycerol activates protein kinase C (for review see Berridge, 1987) . The molecular mechanisms involved in the coupling of stimuli to the inositol phosphate response have been intensively investigated. There is compelling evidence that receptors communicate through a GTP-binding protein to a phospholipase C which acts preferentially on phosphatidylinositol 4,5-bisphosphate (PtdInsP2) (for review see Fain et al., 1988) .
In some tissues, an increase in intracellular Ca2+ levels may represent another mechanism by which phospholipase C can be activated (Eberhard & Holz, 1988) . The production of InsPs in bovine adrenal-medullary chromaffin cells is stimulated by depolarization with increased K+ (Eberhard & Holz, 1987; Sasakawa et al., 1987) , nicotinic and muscarinic agonists (Eberhard & Holz, 1987; Nakaki et al., 1988) , P2-purinergic agonists (Sasakawa et al., 1989; Allsup & Boarder, 1990 ) and other hormones (e.g. Plevin & Boarder, 1988) . These studies showed the responses to nicotinic stimulation and elevated K+ to be dependent on Ca2+ influx, whereas the responses to muscarinic and P2-purinergic agonists are relatively independent of extracellular Ca2+, and therefore may be mediated by a Gprotein. In permeabilized chromaffin cells, the formation of InsPs is stimulated by micromolar Ca2+ (Whitaker, 1985;  Eberhard & Holz, 1987) as well as by activators of GTP-binding proteins (Eberhard et al., 1990) .
Stimulus-response coupling in the PtdIns pathway involves regulation of phosphoinositide synthesis as well as hydrolysis. The mechanisms involved in regulating synthesis are still being defined, but appear to be both dependent and independent of inositol phospholipid hydrolysis (for review see Downes et al., 1989) . In a recent study, we found that Ca2+ promoted the accumulation of labelled PtdInsP, and phosphatidylinositol 4-phosphate (PtdlnsP) in both intact and permeabilized chromaffin cells (Eberhard & Holz, 1991) . This effect was accompanied, but not caused, by phospholipase C activation. Unlike Ca2 the GTP analogue guanosine 5'-[y-thio]triphosphate (GTP[S] ) decreased the net phosphorylation of PtdInsP2 and PtdlnsP in permeable cells.
In the present study we extended these observations by examining the interaction of Ca2+-and guanine-nucleotidedependent mechanisms controlling the formation of inositidederived second messengers in digitonin-permeabilized chromaffin cells. We found that guanine nucleotides modulate Ca2+-dependent phospholipase C activity. In addition, the data suggest that synergistic interaction between Ca2+ and guanine nucleotides in the formation of InsPs probably results in part from a Ca2+_ stimulated increase in polyphosphoinositide synthesis.
MATERIALS AND METHODS
Chromaffin cells were isolated by dissociation of bovine adrenal medullae, purified by differential plating (Waymire et al., 1983) and cultured as monolayers in 6.4 mm-diameter collagen-coated After incubation for the indicated times, the medium was removed and InsPs released into the medium were assayed as described in the Materials and methods section.
wells (150000 cells/well) as previously described (Holz et al., 1982 from Mitchell et al., 1986) . The former system provided good separations of PtdIns from phosphatidic acid but poor resolution of lyso-PtdIns from PtdlnsP; the latter system separated lyso-PtdIns and PtdlnsP at the expense of the separation of PtdIns and phosphatidic acid, and was used in the experiment shown in Fig. 4 . The 32p markers on the t.l.c. plates were detected by autoradiography, scraped, sonicated in 250 #l of water and counted for 3H and 32p radioactivity in 4 ml of Universol ES. The 32P-labelled lipids were prepared by incubating chromaffin cells for 30 min with
[32P]P1 in PSS, followed by lipid extraction; the short labelling period allowed 32p to be preferentially incorporated into the rapidly cycling phosphoinositides and phosphatidate (Fisher etal., 1981) .
Assay of InsPs
InsPs released into the incubation media were separated by anion-exchange chromatography as described by Berridge et al. (1983) . The samples were applied to Dowex AG1-X8 columns (formate form, 0.3 ml bed volume). Free inositol and glycerophosphoinositol were eluted with 8 x 1.0 ml washes of 5 mM-sodium tetraborate/60 mM-sodium formate. These washes were usually discarded. InsP, was eluted with 3 x 1.0 ml of 0. lowed by 3 x 3.0 ml washes with the same buffer. InsP3 was eluted with 4 x 1.0 ml of 1.0 M-ammonium formate/0. 1 M-formic acid. Radioactivity in the eluates was determined by scintillation counting as described above. The InsP3 fraction also contains InsP4 (Batty etal., 1985; Heslop etal., 1985; Irvine etal., 1985) .
Since the only known source of InsP4 is Ins(1,4,5)P3 and therefore PtdlnsP?, for our purposes it was not necessary to separate these species, nor did the conclusions drawn from this study require that the individual isomers of the various inositol phosphates be separated and identified. Previous work has demonstrated that virtually all cells are permeabilized by digitonin in the monolayer cultures of chromaffin cells (Dunn & Holz, 1983 Guanine nucleotides modulate Ca2+-dependent phospholipase C activity
The effects of guanine nucleotides on the release of InsPs stimulated by various concentrations of Ca2+ were examined. The response to Ca2+ alone was half-maximal at about 1O /,MCa2+ and maximal at 100-300 #M-Ca2+ (Fig. 2a) . Guanosine 5'- (Martin et al., 1986; Vallar et al., 1987; Stutchfield & Cockcroft, 1988 (115) 416±8 (132) 928 +25 (294) 1752_64 (556) 866± 29 (275) 931 ±24 (296) 1837± 109 (583) 739 ± 30 (235) 1186±46 (377) 722±25 ( promotes the accumulation of InsA, which is consistent with previous reports (Sasakawa et al., 1989; Allsup & Boarder, 1990 ). Adenosine 5'-[/ty-methylene]triphosphate was ineffective.
In contrast, 148+4  535+13  387+14  +  -275+13  1167+32  892+35  -+  230+14  1063+23  833±27  +  +  592+18  3192+119  2600+120 alone, and only slightly enhanced the response to Ca2+ or GTP [S] . These findings indicate that in the digitoninpermeabilized chromaffin cell the purinergic and muscarinic Vol. 279 receptors are uncoupled from phospholipase C and that the potentiation by ATP of the responses to Ca2l and GTP [S] requires the hydrolysis of the terminal phosphate of ATP. The effect of ATP on the time course of stimulated production of InsPs also suggests that ATP functions primarily to sustain the polyphosphoinositide levels rather than to activate phospholipase C through a receptor-mediated mechanism. ATP (I mM) had little effect on the stimulated release of InsPs at early times, but permitted the sustained release at later times, when resynthesis of the polyphosphoinositides is likely to be most important (Fig. 3) .
To our knowledge no studies have been published demonstrating active phospholipase C-linked receptors in permeabilized chromaffin cells or chromaffin-cell membranes. It is possible that digitonin permeabilization somehow decouples the receptors from phospholipase C. However, the guaninenucleotide-dependent coupling of muscarinic receptors to phospholipase C is preserved in digitonin-permeabilized SK-N-SH neuroblastoma cells (Fisher et al., 1989) , whereas a decrease in the efficiency of receptor coupling to phospholipase C was noted in electroporated pancreatic acinar cells (Taylor et al., 1986) as well as in digitonin-permeabilized pancreatic islets (Best, 1986 (Fig. 4) . The production of InsPs is largely accounted for by a decrease in Ptdlns (see Fig. 4 legend for quantification). Therefore, phospholipase C activation by GTP[S] , as well as by Ca2+, is accompanied by an increase in synthesis of the polyphosphoinosides from Ptdlns. These observations suggest that polyphosphoinositide synthesis is regulated by mechanisms involving Ca2+ and guanine nucleotides. The availability of substrate for phospholipase C is likely to be a factor determining the amounts of InsPs generated by activation of phospholipase C.
The effects of Ca2+ and GTP[S] on labelled polyphosphoinositide levels could not be predicted simply by the amounts of inositol phosphates generated by these agents. Ca2+ increased, (Eberhard & Holz, 1991) (Figs. 2a and 2c ). These effects are consistent with the ability of Ca2+ to increase the synthesis of the polyphosphoinositides (Eberhard & Holz, 1991) as discussed below.
The production of InsPs involves the hydrolysis not only of (Eberhard & Holz, 1991) . Ca2+ influx in intact cells and medium containing micromolar Ca 2+ in permeabilized cells increased the levels of labelled PtdInsP and PtdInsP2. In contrast, muscarinic agonist in intact cells and GTP [S] in permeabilized cells did not increase the levels of these lipids. In the present study, GTP[S] caused a loss of the Ca2+-induced increments in PtdlnsP and PtdInsP2 (Fig. 4) . Most importantly, preincubation of permeabilized cells with the combination of Ca2+ and ATP caused a pronounced amplification of the amounts of inositol phosphates produced upon subsequent addition of GTP [S] (Table 3) . Thus PtdInsP2 and PtdlnsP synthesized through a Ca2+-dependent mechanism may by subject to rapid hydrolysis by phospholipase C activated by GTP [S] .
Indeed, the Ca2+ concentration (about 10 ZM) at which a maximal InsP response was obtained in the presence of GTP [S] (Fig. 2a) is the same as that which produces the greatest accumulations of PtdlnsP and PtdInsP2 in the absence of GTP[S] (Eberhard & Holz, 1991) .
It has been reported that micromolar Ca2+ inhibits the PtdIns kinase activity of purified chromaffin-granule membranes (Husebye & Flatmark, 1988) . We were unable to detect an effect of micromolar Ca2+ on Ptdlns kinase activity in chromaffin-cell homogenates. It is possible that the most of the Ptdlns kinase in chromaffin cells is not on the chromaffin-granule membrane.
Synergistic interactions between GTP[S] and micromolar and sub-micromolar concentrations of Ca2+ have been demonstrated in other permeabilized cell preparations (Martin et al., 1986; Vallar et al., 1987; Stutchfield & Cockcroft, 1988; Fisher et al., 1989) . The detailed study of GH3 pituitary cells by Martin et al. (1986) found that the synergy consisted of two components: a supra-additive increase in maximal response, which was ATPdependent, and an increased Ca2+-sensitivity, which did not require ATP. The results of the present study are consistent with these previous findings and suggest that synergy may arise at two points: (a) a Ca2+-induced increase in phospholipase C substrates, and (b) modulation of the Ca2+-sensitivity of phospholipase C by guanine nucleotides.
